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Abstract 


~OThe  Interaction  of  a  helium  atom  with  6  and  10  atom  clusters  of 
lithium  has  been  calculated  using  the  unrestricted  Hartree-Fock  method, 
Hartree-Fock  method  with  correlation  corrections,  and  the  effective  medium 
theory.  Inside  the  cluster  the  helium  embedding  energy  is  found  to  be 
proportional  to  the  electron  density  of  the  cluster.  The  proportionality 
constant  obtained  by  the  Hartree-Fock  method  is  in  fair  agreement  with 
that  calculated  in  the  homogeneous  electron  gas  using  the  local  density 
approximation.  Outside  the  cluster,  in  the  region  compatible  with  the 
helium  diffraction  experiments,  the  self-consistent  calculations  give  much 
larger  repulsion  than  the  effective  medium  theory.^- 


The  utilization  of  helium  diffraction  for  detailed  structural 
studies  of  surfaces  requires  a  method  for  linking  the  scattering  potential 
to  the  structure.  A  fully  self-consistent  calculation  of  the  potential 
energy  of  the  helium  atom  outside  a  semi -Infinite  metal  surface  has  been 
so  far,  too  complicated  to  accomplish  but  several  theoretical  or 
semlempl rlcal  approaches  have  been  suggested  for  determining  the 
scattering  potential1'7.  All  these  approaches  give  the  result  that  the 
helium  potential  energy  Is  roughly  proportional  to  the  unperturbed 
electron  density  at  the  surface.  This  relationship  comes  as  a  natural 
result  of  the  so-called  effective  medium8  or  quasi  atom9  theory  which 
calculates  the  Impurity  binding  energy  as  a  functional  of  the  electron 
density  of  the  host.  The  leading  repulsive  term  of  the  scattering 
potential  can  be  written  as6»10 

v(r)  *  aeffn(r)  (1) 

where  aeff  Is  a  constant  and  n( r)  Is  the  average  of  the  host  electron 
density  over  the  electrostatic  potential  of  the  helium  atom.  It  turns  out 
that  outside  a  metal  surface  as  well  as  Inside  the  metal  n(r)  Is,  within  a 
good  occuracy,  proportional  to  n {?),  the  local  host  electron  density  at 
the  helium  site.  Then  approximately 

V(it)  *  aeffn<?)  (2) 

where  aeff  Is  a  new  constant.6 

The  effective  medium  theory  has  been  tested  by  model  calculations. 
The  helium  trappllng  energies  In  jelllum  vacancies,  and  the  helium 
potential  energy  outside  a  jelllum  surface  calculated  by  the  effective 


medium  theory  agree  well  with  fully  self-consistent  calculations.9*10 
Also,  the  calculated  helium  trapping  energies  In  real  metal  vacancies 
agree  well  with  experimental  results11*12.  When  applied  to  helium  dif¬ 
fraction  the  effective  medium  theory  gives  qualitatively  the  correct 
features  of  the  potential2  but  fails  to  give  the  corrugation  of  the  poten¬ 
tial  quantitatively  correctly.13 

In  this  letter  we  report  on  self-consistent  Hartree-Fock  cluster 
calculations  for  He-LI  interaction  and  compare  the  results  with  those  of  the 
effective  medium  theory.  We  show  that  Inside  the  metal  the  effective  medium 
theory  gives  good  results  whereas  outside  the  cluster.  In  the  region  where 
the  helium  scattering  takes  place,  the  self-consistent  Hartree-Fock  potential 
is  more  repulsive  than  the  prediction  of  the  effective  medium  theory. 

The  two  LI  clusters  considered  are  shown  In  Fig.  1.  The  helium 
atom  was  moved  from  the  octahedral  Interstitial  site  outside  the  cluster 
as  Indicated  In  the  figure,  and  self-consistent  total  energy  calculations 
were  performed  for  several  helium  sites  along  that  line.  The  computations 
for  the  cluster  with  6  lithium  atoms  were  repeated  using  several  different 
sets  of  basis  functions1'** 15  to  make  sure  that  the  choice  of  basis  sets 
did  not  Introduce  any  uncertainties.  For  testing  the  sensitivity  of  the 
results  on  the  cluster  size  a  calculation  has  also  been  made  for  a  cluster 
with  ten  lithium  atoms.  In  the  best  calculation  using  the  6-31G  basis1***15 
the  effect  of  correlation  was  Included  by  a  perturbative  technique  (so 
called  MP2)19*20.  Using  the  same  basis  set  we  also  calculated  the  He-He 
potential  and  found  a  good  agreement  with  earlier  calculations. 16 

The  results  of  the  self-consistent  calculations  are  shown  In  Fig.  2 
together  with  the  result  of  the  effective  medium  theory,  Eq.  (1).  The 


results  computed  using  different  basis  sets  show  that  Inside  the  cluster 
the  helium  energy  depends  slightly  on  the  basis  set  used  whereas  outside 
the  cluster  the  difference  becomes  smaller.  The  correlation  correction 
lowers  the  helium  energy  by  about  2%  In  the  center  of  the  cluster  and  at 
the  distance  of  8  a.u.  about  71.  The  cluster  calculations  of  the  Impurity 
energy  often  show  sensitivity  on  the  clusters  size17  and  geometry18.  To 
check  the  dependence  of  the  helium  energy  on  the  cluster  size  we  have 
repeated  one  calculation  by  adding  4  LI  atoms  In  the  6  atomic  cluster  as 
shown  In  Fig.  1.  These  additional  atoms  change  the  helium  potential 
Inside  the  cluster  but  do  not  have  a  noticeable  effect  outside  the 
cluster. 

The  result  of  the  effective  medium  theory  was  calculated  using  the 
self-consistent  Hartree-Fock  electron  density  (LI  4-31q  basis  set)  and  the 
coefficient6  oeff*196eV/a03  In  Eq.  (1).  In  the  case  of  LI  since  the 
averaged  density  nl?)  Is  within  3%  of  the  local  density  n( In  all  helium 
sites,  we  can  use  approximation 

aeff  -  aeff.  (3) 

which  Is  valid  only  for  Li  and  not  necessarily  for  any  other  metal. 

Figure  2  shows  that  the  effective  medium  theory  describes  the  Interaction 
of  the  helium  atom  within  the  LI  cluster  qualitatively  correctly. 

Using  Eq.  (2)  we  can  determine  the  coefficient  aeff  once  the 
self-consistent  total  energy  and  electron  density  are  known.  In  Fig.  3 
aeff  determined  from  the  Hartree-Fock  results  Is  shown  as  a  function  of 
the  helium  position.  The  effective  medium  theory  predicts  that  S^ff  *s 
nearly  constant.  The  Hartree-Fock  result  for  ^ff  Is  nearly  constant 


Inside  the  metal  and  only  slightly  larger  than  that  obtained  for  a 
homogeneous  electron  gas.  However,  outside  the  cluster  where  the  electron 
density  becomes  small  aeff  Increases  rapidly.  At  a  helium  distance  of  8 
au.  which  corresponds  to  a  typical  helium  scattering  distance,  the 
Nartree-Fock  calculation  already  gives  3  times  more  repulsive  potential 
than  the  effective  medium  theory.  This  is  In  accordance  with  the  experi¬ 
mental  findings  that  the  actual  scattering  potential  Is  much  less  corru¬ 
gated  than  the  result  of  the  effective  medium  theory5*13,  suggesting 
that  the  scattering  occurs  further  from  the  surface. 

There  are  two  possibilities  why  the  effective  medium  theory  Is 
incapable  of  describing  correctly  the  repulsion  at  large  distances: 
either  the  nonlocal  treatment  of  the  exchange~correlat1on  energy  becomes 
Important  or  the  higher  order  corrections  of  the  effective  medium  theory 
can  not  be  neglected.  The  model  calculation  of  Lang  and  Norskov10  for 
jellium  seems  to  indicate  that  the  higher  order  corrections  are  small,  but 
this  Is  not  necessarily  the  case  at  actual  metal  surfaces  where  the 
Freidel  oscillations  Induced  by  the  helium  atom  will  overlap  with  the 
strong  ion  core  potentials.  In  any  case.  It  seems  that  the  effective 
medium  theory  in  its  present  form  Is  Incapable  of  calculating  quantita¬ 
tively  correctly  the  helium  potential  In  the  region  relevant  to  the 
diffraction  experiments. 

In  conclusion,  we  have  performed  unrestricted  Hartree-Foch  calcula¬ 
tions  (Including  correlation  corrections)  for  the  Interaction  potential 

between  a  helium  atom  and  a  6  atom  cluster  of  lithium.  Inside  the  cluster 

f 

the  potential  Is  roughly  proportional  to  the  self-consistent  electron  den¬ 
sity  of  the  lithium  cluster  in  accordance  with  the  effective  medium 

theory,  but  outside  the  cluster  the  potential  Is  much  more  repulsive  than 
predicted  by  the  effective  medium  theory. 
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Figure  1.  Structure  of  the  6  and  10  atomic  lithium  clusters  considered. 
Black  dots  show  the  6  atomic  BCC  octahedron  and  the  open  circles  the 
additional  atoms  in  the  10  atomic  cluster.  The  helium  atom  is  moved  along 
the  heavy  solid  line. 

Figure  2.  Potentials  between  the  He  atom  and  the  6  and  10  atomic  Li 
clusters.  The  Li  atom  basic  set  is  denoted  for  each  curve.  EMT  is  the 
result  of  the  effective  medium  theory. 

Figure  3.  The  proportionality  coefficient  cieff  of  Eq.  (2)  determined 
from  the  Hartree-Fock  result  {4-31 g  basis)  EMT  is  the  result  calculated 
for  a  homogeneous  electron  gas6. 


